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Membrane fusion/HN stalkhe paramyxovirus hemagglutinin-neuraminidase (HN) protein couples receptor
binding to activation of virus entry remains to be fully understood, but the HN stalk is thought to play an
important role in the process. We have characterized ectodomain constructs of the parainﬂuenza virus 5 HN
to understand better the underlying architecture and oligomerization properties that may inﬂuence HN
functions. The PIV 5 neuraminidase (NA) domain is monomeric whereas the ectodomain forms a well-
deﬁned tetramer. The HN stalk also forms tetramers and higher order oligomers with high α-helical content.
Together, the data indicate that the globular NA domains form weak intersubunit interactions at the end of
the HN stalk tetramer, while stabilizing the stalk and overall oligomeric state of the ectodomain. Electron
microscopy of the HN ectodomain reveals ﬂexible arrangements of the NA and stalk domains, which may be
important for understanding how these two HN domains impact virus entry.
© 2008 Elsevier Inc. All rights reserved.IntroductionParamyxoviruses are membrane-enveloped viruses that contain a
negative sense single-stranded RNA genome. Infection of target cells
by these viruses requires the fusion of the viral and cellular mem-
branes, which is typically mediated by two glycoproteins on the
surface of the virions: the fusion (F) glycoprotein and a receptor-
binding protein, HN, H or G, depending on the speciﬁc virus (Lamb and
Parks, 2007). In the case of parainﬂuenza virus 5 (PIV 5; formerly called
SV5), the receptor-binding protein is the hemagglutinin-neuramini-
dase (HN), which can bind to and also cleave cellular sialosides. The
process of membrane fusion is directly promoted by the refolding of F,
which is a class I viral fusion protein and whose pre- and post-fusion
structures have been determined recently (Yin et al., 2005; Yin et al.,
2006). The HN protein provides three functions, including binding
sialic acid receptors during virus entry, cleaving sialic acid fromcellular
and viral glycoproteins during virus budding and release, and
activating F and the process of membrane fusion (Lamb and Jardetzky,
2007). However, the process by which HN activates F and membrane
fusion still remains poorly understood. It is thought that the binding of
HN to sialic acid-containing receptors on the cell membrane may alter
interactions between F and HN, thereby activating conformational).
l rights reserved.changes in F and initiating membrane fusion (Lamb and Parks, 2007;
Yuan et al., 2005; Zaitsev et al., 2004).
HN has a short N-terminal cytoplasmic tail, a single N-terminal
transmembrane (TM) domain and an ectodomain which consists of a
stalk region and a globular head in which the receptor binding and
neuraminidase activities reside (Hosaka and Shimizu, 1972; Hsu et al.,
1979; Thompson et al., 1988). We refer here to the entire soluble HN
ectodomain (enzyme active neuraminidase [NA] head domain and the
stalk region) as HN(ecto), the soluble head NA domain lacking the
stalk, as HN(NA), and the soluble stalk as HN stalk. The mature HN
protein is modiﬁed with N-linked carbohydrate and forms a non-
covalently associated tetramer, which, depending on the virus, can be
composed of two disulﬁde-linked dimers (McGinnes et al., 1993; Ng et
al., 1990; Ng et al., 1989; Thompson et al., 1988). The stability of the
tetramer structure was found to affect the fusogenic activity of HN
(McGinnes et al., 1993). However, consensus residues involved in
tetramer formation have not been identiﬁed deﬁnitively because they
have been mapped to various locations, including the TM domain, the
cytoplasmic domain, the extracellular domain, or distributed in all
three domains (Parks and Lamb, 1990; Takimoto et al., 1992;
Thompson et al., 1988). The recently solved crystal structures of HN
from Newcastle disease virus (NDV) (Crennell et al., 2000); human
parainﬂuenza virus 3 (hPIV3) (Lawrence et al., 2004) and PIV 5 (Yuan
et al., 2005), have suggested potentially common dimeric and
tetrameric arrangements for the NA domains within the tetramer.
For the NDV and hPIV3 HN proteins, only the NA domains were
Fig.1. Expression and SDS-PAGE analysis of PIV5 HN ectodomain variants. (A) Schematic
of the PIV5 HN protein. The residues included in each of the three constructs, HN(stalk),
HN(NA) and HN(ecto) are indicated above the domain diagram. (B) SDS-PAGE analysis
of the puriﬁed HN(ecto56), HN(NA) and HN(stalk) proteins. Samples were either
reduced (left three lanes) or not reduced (right three lanes) before SDS-PAGE analysis.
Molecular weight markers are indicated to the right.
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HN ectodomain (including the stalk region) was crystallized and
shown to form a tetramer in solution (Yuan et al., 2005). However, in
the PIV5 HN crystal structure the stalk region was not visible, sug-
gesting that it was disordered in the crystal lattice relative to the
lattice of NA domains. All three HN protein structures are observed to
form a similar dimeric arrangement in the crystals, but in the case of
the NDV HN it has been suggested that this arrangement may be
dependent upon ligand binding (Takimoto et al., 2002). The arrange-
ment of the NA domains of the PIV 5 HN head region has been
characterized as a “dimer-of-dimers”, but none of the interactions
between neuraminidase domains appears to be strong enough to
mediate tetramerization in the absence of the HN stalk region.
Whereas the buried surface area for each monomer in the PIV5 HN
dimer is 1810 Å2 the HN dimer-of-dimers interface only involves 10
residues and buries only 657 Å2.
For some paramyxoviruses, such as the W3A strain of PIV 5 and
perhaps in some strains of measles virus, there is a limited or even lack
of requirement for HN/H or G for cell–cell fusion to occur (Alkhatib et
al., 1990; Bagai and Lamb, 1995; Horvath and Lamb, 1992; Horvath et
al., 1992; Paterson et al., 1985; Vialard et al., 1990). However, it has
been shown that even for the relatively HN-independent W3A strain
of PIV 5, fusion is still signiﬁcantly enhanced by the presence of HN
(Russell et al., 2001). Most paramyxoviruses have a stringent need for
the homotypic attachment protein to initiate fusion (Bousse et al.,
1994; Cattaneo and Rose, 1993; Ebata et al., 1991; Heminaway et al.,
1995; Horvath et al., 1992; Hu et al., 1992; Lamb, 1993; Morrison and
Portner, 1991; Sakai and Shibuta, 1989; Tanabayashi et al., 1992; Wild
et al., 1991; Yao et al., 1997) and experimental evidence suggests that
HN interacts directly with F. For PIV 5, it has been observed that the
presence of HN lowers the activation energy barrier for triggering the
fusion process (Russell et al., 2001). Mutational analysis also suggests
the existence of an F/HN complex (Stone-Hulslander and Morrison,
1997; Stone-Hulslander and Morrison, 1999). Finally, both coimmu-
noprecipitation and co-capping experiments indicate that HN can
physically associate with F protein, consistent with this interaction
being important for fusion activation (Dallocchio et al., 1994; Tomasi
et al., 2003; Yao et al., 1997) Deng et al., 1999; Ebata et al., 1991; Gravel
and Morrison, 2003) (reviewed in Lamb and Parks, 2007).
Signiﬁcant effort has been put into the mapping of a site on the HN
protein that may be involved in direct interactions with the F protein
and is distinct from the NA or hemagglutinin active site(s). Indeed for
hPIV2, hPIV3, and NDV HN proteins, the stalk regions have been
implicated in determining the speciﬁcity of HN-mediated activation of
F interactions and therefore the stalk region may form critical, direct
interactions with F (Deng et al., 1999; Gravel and Morrison, 2003;
Porotto et al., 2003; Yuasa et al., 1995). To date there is no structural
information available on the HN stalk region, despite its potentially
important role in F activation and virus entry.
Here we demonstrate that the PIV 5 HN stalk region can assemble
independently into a stable tetramer, thereby driving the oligomer-
ization of the HN ectodomain. The majority of the amino acids in the
HN stalk region adopt an α-helical conformation, as determined by
circular dichroism spectroscopy, consistent with the formation of an
extended 4-stranded coil-coil structure. The PIV 5 HN NA domain
lacking the stalk region exists only as monomer in solution, with no
evidence for oligomerization to dimers or tetramers in themicromolar
concentration range. While the entire HN ectodomain forms stable
tetramers due to the presence of the stalk region, quantitative analysis
of the HN proteins suggests that the HN NA domains stabilize the HN
stalk to thermal unfolding and that the HN(ecto) protein contains
additional helical residues compared to the isolated HN NA and stalk
domains. Additional evidence for the ﬂexibility in the NA interdomain
arrangements, in the linker between the HNNA and stalk domains and
within the HN stalk itself has been obtained from single molecule
electron microscopy. The observations suggest that interactionsbetween the HN NA domains inﬂuence the stalk structure and are
consistent with a model in which receptor binding to the HN NA
domains could propagate a signal to the HN stalk to activate F protein-
mediated membrane fusion.
Results and discussion
Expression and puriﬁcation of HN(ecto), HN(NA) and HN(stalk)
The PIV 5 HN(ecto) domain, HN(NA) domain, and the HN(stalk)
region (Fig. 1) were expressed and puriﬁed as described in Materials
and methods. The HN(ecto) protein and HN(stalk) constructs contain-
ing the entire sequence of the stalk region, beginning with residue
37, were typically obtained at a relatively low yield and apparently
subject to proteolytic degradation (data not shown). N-terminal
sequence analysis of the spontaneously degraded HN(ecto) protein
showed that this fragment beganwith residue 56 suggesting cleavage
occurs between residues 55 and 56 by unknown protease(s) during
expression. Secondary structure predictions for the stalk regions of
many paramyxovirus attachment proteins indicate a high propensity
for helix formation beginning near this cleavage site (Fig. 2). It is
noteworthy that the observed cleavage site in PIV5 HN falls within a
conspicuous gap in the secondary structure predictions covering ap-
proximately 10–14 residues. To improve the stability of the HN stalk-
containing proteins, residues 37 to 55 were deleted from the con-
structs of HN(ecto) and HN(stalk). The original HN(ecto) construct
beginning at residue 37 will be referred to as HN(ecto37) and the HN
(ecto) starting from amino acid 56 as HN(ecto56). The HN(stalk) also
begins with residue 56. Protein yields were signiﬁcantly increased by
this change.
Comparisons of HN, H and G secondary structure predictions from
multiple sequence alignments generally indicate the possibility of α-
helix formation in the paramyxovirus attachment protein stalk,
although not necessarily predicting a common, contiguous α-helical
segment throughout this region. However, when HN sequences are
aligned, secondary structure prediction using the Jpred server in-
dicates a high probability of helix formation for a signiﬁcant portion of
Fig. 2. Sequence analysis of paramyxovirus attachment protein stalk regions. (A) Secondary structure prediction based on multiple sequence analysis generated by the online Jpred
server (http://www.compbio.dundee.ac.uk/∼www-jpred/; University of Dundee, UK). The rows below correspond to the following: jnet: Jnet prediction; conf: an estimation of
prediction accuracy on a scale 0–9; jhmm: Jnet hmm proﬁle prediction (Cuff and Barton, 2000; Cuff et al., 1998). PIV5 HN residue numbering is indicated above the sequence
alignment. (B) Predicted coiled-coil propensity for stalk regions using the program COILS (http://ch.embnet.org/software/COILS_form.html; (Lupas et al., 1991)). The PIV5 HN stalk
region exhibits a very low coil propensity, whereas other paramyxovirus attachment proteins have highly variable predictions, both in the calculated coiled-coil probability and the
speciﬁc residues implicated in coiled-coil formation.
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the longer HN(ecto37) constructs occurs near the N-terminal end of
predicted extended helical region (Fig. 2A), indicating consistency
between the predicted structure and experimental observation. We
also analyzed individual sequences for their intrinsic ability to form
coiled coils, using the program COILS (Fig. 2). In this analysis, the PIV5
stalk region exhibits a very low coil propensity, whereas other pa-
ramyxovirus attachment proteins have highly variable predictions,
both in the calculated coiled-coil probability and the speciﬁc residues
implicated in coiled-coil formation. Thus, although these sequence
analyses suggest the possibility of α-helix formation within the
various stalk regions, with the potential for coiled-coil formation for
some paramyxovirus attachment proteins, the variability in these
predictions suggest potential structural differences. In particular, the
PIV 5 HN stalk region did not appear from this analysis to contain a
well determined coiled-coil oligomerization domain.
Both HN(ecto) and HN(stalk) form disulﬁde-linked dimers
The three expressed HN domains were analyzed using SDS-PAGE
to test whether the cysteine at position 111 is involved in the inter-
chain disulﬁde formation. We have shown previously that the
secreted full length HN(ecto37) protein forms disulﬁde-linked dimers
(Yuan et al., 2005), consistent with observations made with the full
length PIV 5 HN proteins and detergent solubilized native HN (Ng et
al., 1989, Ng et al., 1990). Under reducing conditions, HN(ecto56)
migrates with an apparent molecular weight of 65 kDa that is con-
sistent with the theoretical monomer molecular weight of ∼64 kDa,
including estimates for carbohydrate at 4 N-linked glycosylation sites.HN(NA) migrates with an apparent MW of ∼55 kDa which is close to
the theoretical monomer molecular weight of ∼54 kDa, including 3 N-
linked glycosylation sites. HN(stalk) migrates at ∼11 kDa, which is
slightly slower than the theoretical monomer molecular weight of
∼8.5 kDa, after addition of ∼1.5 kDa for a carbohydrate chain added at
a potential N-linked glycosylation site at residue 110. Under non-
reducing conditions, HN(NA) migrates with a molecular weight
consistent with a monomeric species. In contrast to HN(NA), under
non-reducing conditions, HN(ecto56) and HN(stalk) migrate on SDS-
PAGE with apparent molecular weights that are consistent with
covalent dimers, with sizes of ∼120 kDa and ∼15 kDa respectively (Fig.
1). These results demonstrate that both HN(ecto56) and the much
smaller HN(stalk) can quantitatively form an inter-chain disulﬁde
bond. Since cysteine 111 is the only cysteine within the stalk region,
this residue must be involved in the covalent linkage between chains,
consistent with previous studies implicating this residue in HN dimer
formation (Ng et al., 1990).
Analysis of HN(ecto), HN(NA) and HN(stalk) oligomerization states by
gel ﬁltration chromatography
To obtain information on the oligomerization states of the HN
domain in solution the puriﬁed HN(ecto37), HN(NA) and HN(stalk)
proteins were analyzed by gel ﬁltration chromatography. The HN
(ecto37) protein migrates with an apparent molecular weight of
∼265 kDa, based on the average of 12 gel ﬁltration runs. The calculated
HN(ecto37) molecular weight is 234 kDa without carbohydrate
modiﬁcation but it is known that 4 sites per HN monomer are
glycosylated (Ng et al., 1990), and for insect cell carbohydrate chains,
Fig. 3. Estimated molecular weights of HN proteins using calibrated gel ﬁltration
chromatography. (A) HN(stalk), (B) HN(NA), and (C) HN(ecto) proteins were applied to a
Superdex-200 HR 10/30 (GE) column and eluted with 50 mM Tris, pH 7.5 and 250 mM
NaCl. The vertical lines represent the elution positions of protein molecular weight
standards used for calibration. Calculated molecular weights for the proteins are
indicated in the inset to the left of the chromatograms.
Fig. 4. Sedimentation velocity analysis of HN protein domains. The enhanced van
Holde–Weischet method (Demeler and van Holde, 2004) was used to obtain model-
independent sedimentation coefﬁcient distributions from the HN(stalk), HN(NA) and
HN(ecto) proteins. Integral distribution plots for HN(NA) (medium grey circles), HN
(ecto) (black circles) and HN(stalk) (light grey circles) are shown. HN(NA) and HN
(ecto37) proteins show sharp distributions with major species sedimenting at 3.9 S for
HN(NA) and 9.6 S for HN(ecto37), with HN(ecto37) showing about 10% aggregation, and
HN(stalk) showing a broader distribution sedimenting between 1–5 S.
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migration of the HN(ecto) protein is therefore in very good agreement
with the expected MW for a tetrameric form. The apparent MWof HN
(NA) was calculated to be ∼55 kDa, which is very close to the expected
monomer size (Fig. 3). Therefore, based on gel ﬁltration analysis the
HN(ecto) exists as a tetramer and HN(NA) as monomer.
Based on these observations, it appeared that the HN stalk region
provides the majority of the interactions that lead to HN oligomeriza-
tion and the formation of the inter-chain disulﬁde bond in HN(stalk) is
consistent with this structural role. When analyzed by gel ﬁltration
chromatography, the HN(stalk) migrates as a well-deﬁned, single
peak, with an apparent molecular weight of ∼50 kDa (Fig. 3). This
observed MW is approximately 30% larger than predicted for a
tetramer of the HN stalk (∼38 kDa expected), including addition of a
potential carbohydrate chain at residue 110, but the MW is consistent
with the HN(stalk) forming a well-deﬁned oligomer in solution. The
increased apparent MW from the gel ﬁltration chromatography
analysis could arise from a non-spherical, extended shape of the
stalk, which would lead to a larger apparent Stokes radius and thus
larger apparent MW.
The crystal structure of the HN(ecto37) protein showed a dimer-of-
dimer interaction with a screw axis of symmetry between NA domain
pairs, which could potentially allow the HN(ecto) tetramer to form
higher order oligomers in solution (Yuan et al., 2005). A measurement
of the afﬁnity of the HN(ecto) oligomerization would therefore alsocorrespond to an approximate measure the afﬁnity of the dimer-of-
dimers within a single tetramer. Thus, it was of interest to measure
this afﬁnity or place an upper boundary on its possible value. To test
the possibility that HN(ecto) could form larger oligomers or dissociate
from tetramers into dimers, we used initially gel ﬁltration chromato-
graphy. The elution peak of HN(ecto37) as a tetramer was unchanged
as the concentration of HN(ecto37) was varied from 30 nM to 2 μM.
Thus, HN(ecto37) exists as a stable tetramer, at least within the above
range of concentrations, with no evidence for higher order oligomer
formation.
Analysis of HN(ecto), HN(NA) and HN(stalk) oligomerization states by
analytical ultracentrifugation
To obtain a greater insight into the oligomerization states of the HN
protein constructs, analytical ultracentrifugation (AUC) studies were
undertaken. The HN(ecto37), HN(stalk) and HN(NA) proteins were
analyzed using sedimentation velocity experiments at multiple
concentrations (ranging between 1.5–15 μM for HN(ecto37), 1.6–
3.0 μM for HN(NA), and 6.7–29 μM for HN(stalk)). The sedimentation
proﬁles were analyzed by the enhanced van Holde–Weischet analysis
(Demeler and van Holde, 2004), which provides a model-independent
sedimentation coefﬁcient distribution for each sample, yielding the
sedimentation coefﬁcient distribution plots shown in Fig. 4. HN(NA)
protein sediments as a homogeneous species with a sedimentation
coefﬁcient of 3.8 S, irrespective of concentration. HN(ecto37)
displayed a major species sedimenting at 10 S, and a minor amount
of higher molecular weight aggregates which varied slightly with
concentration. HN(stalk) showed a heterogeneous mixture of species,
which varied with changes in the concentration between 1–5 S. Based
on the velocity analysis, which suggested that HN(NA) is a homo-
geneous species and suitable for sedimentation equilibrium analysis,
we determined the molecular weight of HN(NA) by sedimentation
equilibrium analysis. The results showed that HN(NA) is best ﬁt by a
single species model with a molecular weight of 50,238 Da (Fig. 5),
consistent with a monomeric species. These results were closely
matched by genetic algorithm-Monte Carlo analysis (Brookes and
Demeler, 2006; Brookes and Demeler, 2007; Demeler, 2005) of the
Fig. 5. Sedimentation equilibrium behavior of HN(NA). 30 scans taken during the
sedimentation equilibrium experiment from 6 cells containing increasing concentra-
tions of HN(NA) protein were globally ﬁtted to multiple models. A single ideal species
model was found to best represent the experimental data. Monte Carlo analysis of this
model provided a molecular weight of 50,238 +206.4/−222 Da (95% conﬁdence
intervals). Experimental data are shown as grey circles, the ﬁtted model is shown with
solid lines. Residuals for this model are shown in the upper panel. Fitting the datawith a
ﬁxed molecular weight distribution model conﬁrmed the ﬁnding of a single species
with the same molecular weight.
Table 1
CD analysis of helix content of HN proteins
HN(stalk) HN(NA) HN(ecto)
Total # of amino acids 65 454 513
α-helix content (X-ray; %) n.a. 4.9–5.3% n.a.
Predicted α-helical content (DICHROWEB) 0.88–0.91 0.05 0.2
NRMSD (DICHROWEB) 0.007 0.054 0.018
Predicted # of α-helix residues 57.2 22.7 102.6
Concentration (AAAa) (mg/ml) 0.0144 0.08 0.0566
Concentration (UV) (mg/ml) 0.013 0.073 0.0557
n.a.—not available.
a Concentration determined by quantitative amino acid analysis (AAA).
286 P. Yuan et al. / Virology 378 (2008) 282–291velocity data, which further reported a frictional ratio of 1.2, consistent
with a globular protein. For HN(ecto37), the genetic algorithm analysis
reported molecular weights ranging between 150 and 230 kDa, in-
dicating possibly a dimer–tetramer equilibrium. The HN(stalk) protein
was too heterogeneous to derive a meaningful molecular weight. We
presume that the heterogeneity of the HN(stalk) protein is not only
caused by variations in the glycosylation, but also by a mass-action
effect, indicated by a shift to higher S values as the concentration of
HN(stalk) is increased (data not shown). Over the concentration range
tested, the sedimentation equilibrium data indicate that HN(NA) does
not dimerize. Although the HN dimer has an extensive buried surface
area of contact and the arrangement is well conserved in crystal
structures of the NDV, hPIV3 and PIV5 HN proteins, these data provide
further evidence that the afﬁnity of dimerization is substantially
weaker than 10 μM.
Overall, the observed sedimentation coefﬁcients, 3.8 S for HN(NA)
and 10 S for HN(ecto37), are consistent with the gel ﬁltration chro-
matography results, with HN(NA) existing as amonomer and HN(ecto)
forming primarily a higher oligomeric species in solution. The se-
dimentation velocity experiments for HN(ecto37) were performed at
concentrations ranging up to 15 μM, forwhich the primary 10 S species
is still observed. Interactions between the HN tetramers, through the
NA dimer-of-dimers interaction, must also be signiﬁcantly weaker
than the low micromolar range.
In contrast to the well-deﬁned solution behavior of the HN(NA)
and HN(ecto) proteins, the stalk region shows more heterogenous
species in AUC experiments. In sedimentation velocity experiments,HN(stalk) exhibits different behaviors depending upon the concentra-
tion. At low concentrations (∼18 μM), the HN(stalk) migrates with an
approximate sedimentation constant of ∼2–2.5 S. Increasing the HN
(stalk) concentration to ∼26 μM also increases the average S value. At
the highest concentrations tested (∼37 μM), severe aggregation of the
HN(stalk) was observed, yielding S values ranging from 2 to 5 S. Since
the HN(stalk) protein is a covalent dimer, these data are consistent
with higher order oligomerization of the dimers, but preclude a
quantitative analysis of the species generated. The combined AUC data
indicate that the proper oligomerization of the stalk region is main-
tained by the presence of the NA domains in HN(ecto), suggesting that
weak interactions in the head regionmay still contribute to the overall
stability of the HN tetramer.
Secondary structure content of HN(ecto), HN(NA) and HN(stalk)
Circular dichroism spectroscopy was used to obtain information on
the secondary structure content of the HN proteins. Since the absolute
protein concentration inﬂuences the calculation of secondary struc-
ture content, the concentrations of the proteins were determined by
UV absorbance and amino acid analysis in parallel. The data obtained
by these two methods were in good agreement (Table 1). Representa-
tive CD spectra for HN(ecto56), HN(NA) and HN(stalk) are shown
in Fig. 6. The individual spectra were analyzed using the online
DICHROWEB server, using the CDSSRT program for secondary
structure assignment. The resulting ﬁts to the CD data were of high
quality and the reconstructed spectra are shown superimposed on the
experimental data in Fig. 6. The overall goodness-of-ﬁt parameter is
0.018 for HN(ecto56), 0.05 for HN(NA) and 0.007 for HN(stalk)
(Table 1). Therefore, the calculated secondary structures likely have
good correspondence with actual values (NRMSDb0.1). The mean
residue ellipticity at 222 nm is ∼8000 for HN(ecto), ∼4000 for HN(NA)
and ∼30,000 for HN(stalk) (Fig. 6). All of the graphs show typical α-
helix proﬁles, but with very different magnitudes. For example, the
value of HN(stalk) is 7.5 fold higher than HN(NA), consistent with
signiﬁcantly different net α-helical content.
The number of residues involved in helix formation in each of the
three HN proteins was also analyzed to establish if the linkage of NA
and stalk domains in a single peptide chain might stabilize additional
residues of the HN stalk helices. The percent ofα-helical structurewas
calculated using the DICHROWEB server and the corresponding
number of residues involved was calculated for each sample. In the
case of the HN(NA) domain, we were able to directly compare the
results calculated using the CD data and the DICHROWEB server with
the structure obtained by X-ray crystallography (Table 1). The percent
α-helical content of HN(NA) based on the X-ray crystal structure is
4.9–5.3%, which corresponds to between 22 and 24 residues of helix,
depending on whether two amino acids are counted as α-helix or as
an alpha turn. The estimated percent helix for the HN(NA) obtained
from the analysis of the CD spectrum is remarkably similar, yielding an
overall percent helix of .05, or ∼23 residues (Table 1). The calculated
α-helical content of HN(stalk) from CD analysis is much higher (88–
Fig. 7. Thermal stability of HN(ecto), HN(NA) and HN(stalk). The thermal denaturation
of the HN proteins was followed by monitoring the CD intensity at a wavelength of
222 nm as a function of temperature. The dashed lines indicate the approximate
midpoint of the unfolding transitions, which is ∼55 °C for HN(stalk), ∼66 °C for HN(NA)
and ∼69 °C for HN(ecto). Melting temperature was deﬁned as the point at which ∼50%
of the sample denatured. Comparison of the HN(ecto) and HN(stalk) denaturation
curves reveals no evidence for the melting of the HN stalk region at lower temperatures
in the entire ectodomain, suggesting that its helical structures is stabilized by the HN
neuraminidase domains.
Fig. 6. Representative CD spectra of HN(ecto), HN(NA) and HN(stalk). (A–C) The
speckled grey curves represent experimental CD data from each HN protein as
indicated. The black lines represent reconstructed data calculated using the CDSSTR
program available through the online DICHROWEB server (http://www.cryst.bbk.ac.uk/
cdweb/html/home.html; (Whitmore and Wallace, 2004)). Statistics for the quality of
the ﬁt to the experimental data (NRMSD) are collected in Table 1.
287P. Yuan et al. / Virology 378 (2008) 282–29191%), corresponding to ∼57–59 residues forming helix, indicating that
nearly the entire HN stalk region is helical in solution (residues 56–
118). Interestingly, the calculatedα-helical content for the HN(ecto56)
protein is slightly higher than the direct sum of the HN(stalk) and HN
(NA) results. For HN(ecto56), the CD analysis indicates that ∼20%, or
103 amino acids, adopt an α-helical conformation, which is ∼20
residues higher than the 80–82 residues expected from the separate
HN(stalk) and HN(NA) analyses (Table 1). The data suggest that the
helical HN stalk region could be stabilized by the NA domains or that
additional residues in the NA domain form helix in the context of the
entire HN ectodomain.
Thermal stability of HN(ecto), HN(NA) and HN(stalk)
To test whether the HN stalk and NA domains act as independently
folded regions within the intact HN, we used CD to monitor the
thermal unfolding of the different HN constructs. The changes in CD
signal at 222 nm were monitored as the temperature was increased
from 20 °C to 90 °C for samples of HN(ecto56), HN(NA) and HN(stalk),
as shown in Fig. 7. The unfolding proﬁle of HN(ecto56) reveals little or
no changes up to temperatures near 60 °C, at which point the CD
signal starts to decrease in a cooperative transition with an apparent
midpoint at near 70 °C. There is no obvious separation of the HN
(ecto56) transition into two separate phases, which might have been
expected if the HN(NA) and HN(stalk) proteins were to exhibit verydifferent temperature stabilities. The unfolding proﬁles of HN(NA) and
HN(stalk) were also measured (Fig. 7) and reveal transitions at lower
temperatures than for HN(ecto56). For the HN(stalk), the CD signal
starts to decrease near 35 °C, which is much lower than the starting
point of HN(ecto56) or HN(NA), with a transition midpoint near 55 °C.
The temperature transition midpoints of HN(NA) and HN(ecto56) are
within a few degrees of each other (Fig. 7). These data further indicate
that the folding of the HN stalk region is stabilized by the presence of
the NA domains in HN(ecto). Although the HN stalk is clearly im-
portant for stabilization of the overall HN tetramer, our observations
demonstrate that the tertiary structure of the stalk is less stable as
compared to the individual globular NA domains.
Electron microscopy of the HN protein
In the atomic structure of the PIV5 HN(ecto37) protein (Yuan et al.,
2005), the stalk region was not visible, suggesting that it could be
linked to the NA domains through a ﬂexible region. We used electron
microscopy to investigate the structure of HN(ecto37) and HN
(ecto56), to determine the structural relationship between HN NA
domains and also the relationship between the head and stalk regions
of the protein. In EM observations of HN(ecto37) and HN(ecto56), the
stalk region is clearly visible, although most images do not appear to
be in a favorable “side view” of the tetramer (Figs. 8A–E). The HN(NA)
and HN(stalk) proteins were also analyzed by EM. HN(NA) prepara-
tions appear as bright, single dots at varied concentrations, which
likely correspond to the monomeric NA domains (Fig. 8E). HN(stalk)
preparations alone did not provide any informative images, with only
small, bright dots observed.
The EM observations of HN(ecto) and HN(NA) are consistent with
our structural and biophysical evidence, suggesting that the protein
exists in solution as a tetramer stabilized by the stalk and with weak
interactions between the globular NA domainswithin the head region.
The gallery of EM images in Fig. 8 is compared with diagrams to the
left representing potential orientations of the HN proteins. The HN
(ecto37) crystal structure also revealed that the interaction of NA
domain (dimers-of-dimers) only buried 657 Å2 of surface area,
suggesting that the dimer-of-dimers interaction is very loose and
potentially dynamic in solution. The HN(ecto) EM images are con-
sistent with this possibility, revealing multiple shapes and potential
arrangements of the HN NA domains in different views of the
tetramer, which are also potentially consistent with the movements in
the head corresponding to changes in dimer to dimer arrangements.
Fig. 8. Electron microscopy of HN(ecto) and HN(NA) proteins. Protein samples were negatively stained and visualized as described previously (Connolly et al., 2006). (A–D)
Representative images of different projection views of the HN(ecto) protein are shown to the right of a schematic diagram. The images demonstrate variability in both the
interdomain packing within the globular head and in the extension of the stalk regions. In these images, the HN globular head exhibits apparently loose and variable dimer-of-dimer
associations, with panels A and B representing “side” views of the HN ectodomain including the stalk and panels C and D representing “top” views of tetramers of the HN NA domains.
The stalk regions visible in panels A and B exhibit variable orientations relative to the NA domains and internal bending consistent with ﬂexibility within this domain. Representative
EM images of the HN(NA) protein is shown in panel (E), which appears as single globular and individual dots in the micrographs, in contrast to the ﬂorets observed for HN(ecto).
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variable gaps within the head region which appear to form between
two dimers of the HN NA domains (Figs. 8A–D). In contrast, the HN
(NA) appears to exist solely as a monomer based on the EM obser-
vations, with no evidence for dimer or tetramer formation.
In representative images of the HN(ecto) protein in which the
stalk region is visible, the stalk is often bent and the bending appears
to occur somewhat below the connection between the globular head
region and the stalk (Figs. 8B, F), as if signiﬁcant ﬂexibility could exist
within the C-terminal region of stalk itself, as well as between the
head and stalk regions. This ﬂexibility is consistent with the helical
secondary structure and coiled-coil predictions (Fig. 2), which
indicate breaks between multiple helices and in PIV5 HN a weak
coiled-coil propensity. Nonetheless, the EM images of the HN stalk
are consistent with the formation of an extended 4 stranded α-
helical bundle.
Conclusions
PIV5, like other parainﬂuenza viruses, Sendai virus and Newcastle
disease virus, utilize the HN protein to bind sialic acid receptors. Given
the experimental evidence for a role of the HN stalk in mediating, at
least partially, the speciﬁcity of F protein interactions that lead to virus
entry, the activation mechanism must involve an event that conveys
information from the receptor-binding sites in the globular NA
domains through to the stalk region. Our data demonstrate that the
stalk region itself contains the major determinants for HN oligomer-
ization and that it forms a predominantly helical, though ﬂexible rod-
like structure. The HNNA domains contribute to stabilizing the folding
and oligomerization of the HN stalk, potentially through relatively
weak interdomain interactions between NA dimers. Signiﬁcant
structural variability of the HN ectodomain is observable by EM in
both the HN head region, with apparent repositioning of the NA
domains, and in the stalk region, with internal bending motions
apparent below the junctions with the head. It appears from the
globular nature of the HN NA domain and from structural studies ofthe PIV5 HN:sialyllactose complex (Yuan et al., 2005) that receptor
binding is unlikely to induce large-scale conformational changes
within a single domain. We have tested a possible inﬂuence of ligand
on the oligomeric and conformational states of HN(ecto) and HN(NA)
using EM. In the presence of sialyllactose HN(NA) and HN(ecto56)
yield similar images regardless of whether there is sialyllactose
present or not, suggesting that monomeric receptor binding does not
have a strong impact on the internal organization or stability of
interactions between NA domains within the HN tetramer. However,
independent engagement of HN NA domains with different sialosides
could inﬂuence the conformation of the HN tetramer, potentially
leading to the release or alteration of interactions that affect F protein
conformation and thereby virus entry. The speciﬁc nature of these
postulated interactions between HN and F glycoproteins remains to be
established by experimental methods that can discriminate between
direct and indirect inﬂuences on F glycoprotein conformational
stability and refolding.
Materials and methods
Construction of expression vectors
DNA encoding the HN ectodomain, designated HN(ecto), and HN
NA domain, designated HN(NA), was separately ampliﬁed from the
PIV5 HN cDNA in the pGEM vector using PCR, concurrently in-
troducing restriction enzyme sites (EcoRV/XhoI) for cloning. The
primers employed for HN(ecto56) were 5′-GGAGGTGATGAC-
GACGACAAGTCTGGATTAGGAAGTATCAC-3′ as the forward and 5′-
ATCAGACTCGAGTTATTAGGATAGTGTCACCTGAC-3′ as the reverse
primer. For HN(NA) we used 5′-TGGAGTGATATCCGCTGCAC-3′ as
the forward and the same reverse primer used for HN(ecto). The HN
stalk region was ampliﬁed from HN(ecto) and designated as HN
(stalk). The same forward primer of HN(ecto) forward was used
for HN(stalk), the reverse primer was 5′-GTGATACTTCCTA-
ATCCAGACTTGTCGTCGTCATCACCTCC-3′. The PCR ampliﬁcations
were performed using pfu turbo polymerase (Stratagene, La Jolla,
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for 1 min, 50 °C for 2 min, and 72 °C for 2 min; 30 cycles of 94 °C for
1 min, 65 °C for 2 min, and 72 °C for 2 min. The PCR products were
separated by agarose gel electrophoresis and puriﬁed (Qiaquick;
Qiagen, Chatsworth, CA). The fragments were double digested se-
parately using EcoRV/XhoI restriction enzymes (Promega, Madison,
WI) and subsequently cloned into a baculovirus transfer vector
pBACgus-3 (Invitrogen, Carlsbad, CA) inserting into the vector SmaI/
XhoI sites. The resulting constructs were veriﬁed by DNA sequencing.
This cloning strategy generates extra, vector-encoded residues (Ser,
Pro and Ser) at the N-terminus of residue 56 for HN(ecto), HN(stalk)
and at residue 115 for HN(NA), after proteolytic removal of the N-
terminal tag region. Both recombinant proteins of HN(ecto) and HN
(NA) end at residue 565. HN(stalk) ends at residue 117 (Fig. 1).
Insect cell expression
Baculovirus transfer vectors containing HN(ecto), HN(NA) and HN
(stalk) inserts were co-transfected with Baculogold DNA into Sf9
insect cells at 2×106 cells/ml grown in a T-25 ﬂask with SF 900 I
serum-free medium (Gibco BRL, New York) using standard calcium
phosphate conditions (Pharmingen, San Diego, CA). A low titer virus
stock was prepared by infection of SF+ cells (1.5×106 cell/ml, in a
250 ml shaker ﬂask) with a 1:100 dilution of the transfection
supernatant. After 2 days the virus was harvested and used for
additional virus ampliﬁcation. A large-scale, high titer virus stock was
obtained by infecting SF+ cells (1.5×106 cell/ml) at a 1:100 dilution in
2 L shaker ﬂasks, followed by incubation for at least 3 days or until a
suitable titer was obtained. The protein expression was optimized by
varying the amount of virus stock used for infection, the initial cell
density, the type of insect cells (SF+ or Hi5), and the harvest time post-
infection (48 h, 60 h, 72 h or 90 h). The best results were obtained
using the SF+ cell line for the protein expression, harvesting at 72 h,
90 h and 60 h post-infection for HN(ecto), HN(NA) and HN(stalk),
respectively.
Protein preparation
Flasks containing the infected cells were supplemented with
phosphate buffer at 1× ﬁnal concentration (as described in the Qiagen
Ni-NTA column protocol) and pelleted at 13,000 g for 30 min at 4 °C.
Crude supernatant containing the HN proteins were diluted 3× with
1× phosphate buffer or alternatively the volume reduced and buffer
exchanged with 1× phosphate buffer using a tangential ﬂow cartridge
concentrator (Millipore, Bedford, MA) and loaded onto a pre-
equilibrated Ni-chelating column. The proteins were puriﬁed as
described in the manufacturer's instruction manual (Qiagen). The
afﬁnity-puriﬁed proteins were concentrated by centrifugal ultraﬁltra-
tion (Millipore) and dialyzed against enterokinase reaction buffer
(25 mM Tris, pH 7.4, 50 mM NaCl) lacking calcium. The S- and His-Tag
were cleaved using enterokinase with the optimized condition being
room temperature for overnight. The enterokinase was removed by
passing the digest mixture over an enterokinase capture column
(Novagen, Madison,WI). The smaller molecular weight tag-containing
fragments were separated from the cleaved HN proteins by loading
onto a NI-NTA column, allowing capture of the 6His-containing tags
on the column. The cleaved proteins were further puriﬁed using size-
exclusion chromatography with a Pharmacia Superdex-200 column
(10×300 mm), which was pre-equilibrated with a running buffer of
25 mM Tris, pH 7.5 and 250 mMNaCl. The columnwas calibrated with
bovine serum albumin (66 kDa), alcohol dehydrogenase (150 kDa),
amylase (200 kDa), apoferritin (443 kDa), and thyroglobulin
(669 kDa). The eluted proteins were detected by measuring
absorbance at 280 nm. Protein concentrations were routinely
determined by absorbance at 280 nm using extinction coefﬁcients of
1.469, 1.572 and 1.0 cm−1 (mg/ml)−1 for the HN(ecto), HN(NA) and HN(stalk), respectively, based on predictions obtained from the primary
amino acid sequence by ExPASy. The protein identities were
conﬁrmed by molecular weight, N-terminal sequence analysis
(Michigan State University) and neuraminidase activities for HN
(ecto) and HN(NA) proteins. For the quantitation of secondary
structure by CD, the protein concentrations were determined by
measuring UV absorbance at 280 nm and by quantitative amino acid
analysis carried out by the W.M. Keck Foundation Biotechnology
Resource Laboratory, Yale University (Table 1).
Protein characterization
Theproteinswere analyzedusing SDS-PAGE followedbyCoomassie
staining andWestern blot analysis. ForWestern blotting, recombinant
proteins were separated by SDS-PAGE and transferred to a nitrocellu-
lose membrane by electroblotting. Blots were incubated in 5% dried
skimmilk in Tris-buffered saline (TBS 1M Tris, 5MNaCl, pH 7.5) for 1 h
and subsequently washed three times with TBS for 5 min. The blots
were then probed with mouse anti-His antibody (1:5000 dilution;
Novagen) in TBS containing the same amount of skim milk. The blots
werewashed three times and the secondary antibody, goat anti-mouse
IgG conjugated with alkaline phosphatase was added (Pierce, Rock-
ford, IL). After 1 h the blots werewashed three times and protein bands
detected by the Enhanced Chemiluminesence System (ECL) (Amer-
sham, Arlington Heights, IL) according to the manufacturer's
instructions.
Reducing and non-reducing SDS-PAGE was performed for the
analysis of the inter-chain disulﬁde bonds involved in HN oligomer-
ization. The HN(ecto56), HN(NA), and HN(stalk) proteins were loaded
onto a 4% to 20% gradient SDS-PAGE (Bio-Rad), by adding or omitting
reducing agent (β-mecaptoethanol) in the loading buffer.
Analytical ultracentrifugation analysis (AUC)
Analytical ultracentrifugation experiments were conducted using
a Beckman Optima XLA centrifuge available in the Northwestern
University Keck Biophysics Facility and using a Beckman Optima
XLI centrifuge at the Center for Analytical Ultracentrifugation of
Macromolecular Assemblies (CAUMA) at The University of Texas
Health Science Center at San Antonio. All data were analyzed with
UltraScan version 9.5 (Demeler, 2005). Protein samples were
prepared in 20 mM phosphate buffer, pH 7.4 and 50 mM NaCl. HN
(NA) was measured at 20 °C and 50 krpm, HN(stalk) was measured at
20 °C and 60 krpm, and HN(ecto37) was measured at 4 °C and
40 krpm. Sedimentation velocity data were collected until the
sample was pelleted. The entire solution column was analyzed by
direct boundary ﬁtting using the 2-dimensional spectrum analysis
with simultaneous time-invariant noise removal (Brookes et al.,
2006). Noise-corrected data were further analyzed either with the
enhanced van Holde–Weischet (Demeler, 2005; Demeler and van
Holde, 2004) analysis or genetic algorithm/Monte Carlo analysis
(Brookes et al., 2006). Sedimentation equilibrium experiments of HN
(NA) were performed at six concentrations of HN(NA) (0.3, 0.5 and
0.7 O.D. units at 230 nM and 280 nM). A total of 30 scans were taken
when equilibrium was reached at rotor speeds of 15, 20, 25, 30 and
35 krpm. The resulting data were globally ﬁtted to multiple models,
the most appropriate model was chosen based on ﬁtting statistics
and visual inspection of the residual pattern.
Electron microscopy (EM)
HN(ecto), HN(NA) or HN(stalk) were diluted to approximately
5 ng/μl and absorbed onto freshly glow discharged, carbon coated 300
mesh copper grids. The samples were stained with 2% sodium
phosphotungstate (pH 6.6, or pH 8.0 for sialyllactose binding) and
examined in a JEOL 1230 transmission electron microscope (JEOL,
290 P. Yuan et al. / Virology 378 (2008) 282–291Peabody, MA) operating at 100 kV and as described previously
(Connolly et al., 2006).
Circular dichroism (CD)
CD measurements were performed on a Jasco model 715 spectro-
polarimeter (Easton, MD). CD spectra were acquired in a rectangular
quartz cell (Jasco) with a path length of 2.0 mm. Data were collected
every 0.1 nm and typically ﬁve spectrawere averaged. The band width
was set at 2.0 nm and the sensitivity at 10 mdeg, and the response
time was 2 s. Baseline scans of buffer (20 mM phosphate, pH 7.6,
50 mM NaF) were subtracted from the experimental reading. For
temperature studies, temperature was controlled with an external
water bath (Model RTE-111, Neslab, Portsmouth, NH). Thermal melts
of the proteins were performed in the cuvette by heating the samples
at 5 °C intervals at a rate of 1 °C/min from 20°C to 90°C while
monitoring at 222 nm. Results are expressed in machine units (dmeg)
and plotted versus temperatures. The estimates of α-helical content
were done using the CDSSTR program by submitting CD data through
the online DICHROWEB server. Melting temperatures were deﬁned as
the point at which ∼50% of the sample denatured. Measurements
were performed in at least 3 separate experiments yielding compar-
able results. Concentrations of the proteins were determined by
quantitative amino acid analysis and by UV absorbance (see above).
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